Bacteria thrive on and within the human body. One of the largest human-associated microbial habitats is the skin surface, which harbors large numbers of bacteria that can have important effects on health. We examined the palmar surfaces of the dominant and nondominant hands of 51 healthy young adult volunteers to characterize bacterial diversity on hands and to assess its variability within and between individuals. We used a novel pyrosequencing-based method that allowed us to survey hand surface bacterial communities at an unprecedented level of detail. The diversity of skin-associated bacterial communities was surprisingly high; a typical hand surface harbored >150 unique species-level bacterial phylotypes, and we identified a total of 4,742 unique phylotypes across all of the hands examined. Although there was a core set of bacterial taxa commonly found on the palm surface, we observed pronounced intra-and interpersonal variation in bacterial community composition: hands from the same individual shared only 17% of their phylotypes, with different individuals sharing only 13%. Women had significantly higher diversity than men, and community composition was significantly affected by handedness, time since last hand washing, and an individual's sex. The variation within and between individuals in microbial ecology illustrated by this study emphasizes the challenges inherent in defining what constitutes a ''healthy'' bacterial community; addressing these challenges will be critical for the International Human Microbiome Project.
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human microbiome ͉ pyrosequencing ͉ skin bacteria B acteria thrive on and within the human body, with recent work revealing vast diversity in several human-associated bacterial communities (1, 2) . One of the largest humanassociated microbial habitats is the skin, a body habitat with complex regional variations in cellular architecture and environmental exposures, where bacterial density may be as high as 10 7 cells per square centimeter (3) . Many of these bacteria are not simply passive or transient colonizers of the skin surface, but rather appear to be adapted to the specific rigors associated with living in different regions of the skin including frequent skin shedding, antimicrobial host defenses, exposure to soaps and detergents during washing, exposure to UV radiation, and low moisture availability (4, 5) .
Those bacterial communities that reside on the skin surface appear to be diverse (6, 7) , but the full extent of bacterial diversity has not been adequately determined. Likewise, both culture-based and molecular approaches have shown that there may be a core set of bacterial taxa commonly found on skin surfaces (4) (5) (6) 8) , but there appears to be a significant amount of intra-and interindividual variability in the composition of skin-associated bacterial communities (6, 7) . Currently, the factors driving this variability in skin bacterial community composition are not well understood.
Although bacteria are common on all skin surfaces, we focused on bacteria found on the palm because it is likely one of the more dynamic skin microbial habitats given the nearly constant and varied exposure to environmental surfaces and the frequency of perturbations caused by hand washing. In addition, pathogens may inhabit the palmar surface, and efforts to reduce disease transmission by hand washing are a key public health concern (9) (10) (11) .
We surveyed the bacterial communities found on the palm surfaces of both the dominant and nondominant hands of 51 undergraduate students sampled after taking an examination. Our goal was to assess the intra-and interindividual variability in skin-associated bacterial communities and determine how specific factors (including sex, handedness, and time since last hand washing) may inf luence the diversity and composition of the bacterial communities. The 16S rRNA genes from the palmar surface bacteria were PCR-amplified by using a universal bacterial primer set with a unique error-correcting barcode for each sample, allowing us to analyze all of the amplified samples in a single pyrosequencing run (12) . We extended this technique using Golay codes, which provide a greater degree of error correction than the Hamming codes used in the previous study, allowing us to correct any triple-bit error and detect any quadruple-bit error (versus single-bit correction and double-bit detection in the Hamming codes). Coupling this barcoding technique with the high-throughput capabilities of pyrosequencing, we were able to survey the bacterial communities on each of the swabbed hands at an unprecedented level of detail. the skin surface by at least an order of magnitude (8) , confirming that culture-based surveys of the skin surface, like surveys conducted in many other microbial habitats (14) , dramatically underestimate the full extent of bacterial diversity. The average phylotype richness observed on a single palm surface was also Ͼ3 times higher than the richness observed in a molecular survey of forearm skin (6) and elbow skin (7). Although we would expect the hand surface to have higher levels of diversity than other skin surfaces because of the more frequent contact with potential inocula from the environment, this discrepancy in observed bacterial diversity is more likely a result of the depth of our sampling, which allowed us to survey even those rare bacterial taxa present on the skin surface. However, despite the depth of our surveys, our diversity estimates still represent only the lower bounds of phylotype richness on individual hands; the rarefaction curves for individual palm surfaces do not asymptote [supporting information (SI) Fig. S1 ], indicating that the true diversity is likely even higher. The total diversity of bacteria on the hand surface appears to match or exceed the levels of bacterial diversity found in other human-associated microbial habitats, including the esophagus, the mouth, and at specific sites within the lower intestine (15) (16) (17) , but this may be a function of the depth of our sequencing. If we compare our results with those obtained by Andersson et al. (18) where a similar pyrosequencing-based approach was used to survey human-associated bacterial communities, we find that skin bacterial communities appear to be more diverse on average than those communities found in throat, stomach, and fecal environments.
Although diversity on palm surfaces is high at both the phylotype and phylum levels (sequences from Ͼ25 phyla were detected), 3 phyla (Actinobacteria, Firmicutes, and Proteobacteria) accounted for 94% of the sequences ( Fig. 1 and Table S1 ). The most abundant genera (Proprionibacterium, 31.6% of all sequences; Streptococcus, 17.2%; Staphylococcus, 8.3%; Corynebacterium, 4.3%; and Lactobacillus, 3.1%) were found on nearly all palm surfaces sampled. These genera have previously been found to be abundant in other molecular surveys of skin bacteria (6, 19) and are considered to be common skin residents (5), yet they still represented Ͻ65% of all of the identified sequences ( Fig. 1 and Table S1 ). The average palm surface has a large number of rare taxa that may be either transient, short-term colonizers of skin or more persistent, longer-term residents of Table S1 . Superscripts on the taxon name indicate the phylum or subphylum: 1, Actinobacteria; 2, Firmicutes; 3, Betaproteobacteria; 4, Gammaproteobacteria; 5, Alphaproteobacteria; 6, Bacteroidetes.
the skin surface that are simply present at relatively low abundances or whose abundance is determined by specific characteristics of individual hand surfaces. Qualitatively, the bacterial communities found on the hand surfaces ( Fig. 1 and Table S1) appear to be more similar to the communities found on forearm skin (6) than to the communities found on the forehead (19) or inner elbow (7), suggesting that skin bacterial communities are not uniform across the body and that skin surfaces closer in proximity may harbor more similar bacterial communities. Additional research mapping the distribution of bacterial taxa across a wide range of skin surfaces would allow us to specifically test this hypothesis.
Although some bacterial taxa were cosmopolitan and were found on essentially all of the hand surfaces sampled, bacterial communities on individual hand surfaces were strikingly different. We observed a total of 4,742 distinct bacterial phylotypes across the 102 palm surfaces sampled (Table 1) , and only 5 phylotypes were shared across all of the hands sampled. On average, the communities found on any pair of palm surfaces shared only 13% of their phylotypes (Fig. 2) . The bacterial communities found on the skin surface, like those communities found in other human-associated microbial habitats (2, 15, 20, 21) , exhibit an enormous amount of interindividual variability.
The observed differentiation in bacterial communities between hand surfaces is not determined solely by stochastic factors. For example, handedness has a significant influence on bacterial communities (P Ͻ 0.001). Dominant hands (i.e., the right hand on right-handed individuals) have similar overall levels of diversity as nondominant hands (Fig. S1 ), but the composition of the bacterial communities on the dominant and nondominant hands from the same individual was significantly different (Fig. 3) . Taxa with relative abundances Ͼ50% greater on the dominant hand than the nondominant hand included members of the Enterobacteriales, Lactobacillaceae, Peptostreptococcaceae, and Xanthomonadales groups ( Fig. 1 and Table S1 ). The influence of handedness on palm bacterial communities is likely due either to differences in skin environmental conditions (e.g., sebum production, salinity, hydration) or to the dominant hand coming into contact with different types of environmental surfaces than the nondominant hand. Although dominant and nondominant hands harbor distinct bacterial communities, the communities on left and right hands from the same individual were more similar than we would expect by chance (Fig. 2) . However, these communities still shared only 17% of their phylotypes on average, indicating that there is an enormous amount of heterogeneity in skin bacterial communities within an individual. This intraindividual differentiation between the bacterial communities on left and right hands was not significantly affected by handedness, sex, or hand hygiene (P Ͼ 0.05 in all cases).
Men and women harbor significantly different bacterial communities on their hand surfaces (P Ͻ 0.001; Fig. 3 ). Taxa that were shared by both men and women but were more abundant on the skin of 1 sex included members of the following groups: Proprionibacterium (37% more abundant on men), Corynebacterium (80% more abundant on men), Enterobacteriales (400% more abundant on women), Moraxellaceae (180% more abundant on women), Lactobacillaceae (340% more abundant on women), and the Pseudomonadaceae (180% more abundant on women) ( Fig. 1 and Table S1 ). Interestingly, the palms of women were also found to harbor significantly greater bacterial diversity than those of men, whether diversity was assessed by examining the overall phylogenetic structure on each hand (Fig. 4A) or the average number of phylotypes per hand (Fig. 4B ). We do not know what drives these differences in overall diversity, but differences in skin pH may be influential. Men generally have more acidic skin than women (22, 23) , and work from other microbial habitats has shown that microbial diversity is often lower in more acidic environments (24) (25) (26) . Other explanations for why men and women appear to harbor distinct hand bacterial communities may include differences in sweat or sebum production, frequency of moisturizer or cosmetics application, skin thickness, or hormone production (4, 23) . Without detailed information on the skin characteristics of the individuals sampled for this study, we can only speculate on the causes of the apparent sex differences in hand bacterial communities. Addi- tional studies are required to determine whether differences in skin pH, or other factors, are directly related to the apparent sex differences in skin bacterial communities.
Time since last hand washing also had a significant effect on skin community composition (P Ͻ 0.001), and this effect was slightly more pronounced than the sex differences (Fig. 3 ). Most notably, bacteria belonging to the Proprionibacteria, Neisseriales, Burkholderiales, and Pasteurellaceae taxa were relatively more abundant with time since last hand washing, whereas other bacteria in the Staphylococcaceae, Streptococcaceae, and Lactobacillaceae groups showed the opposite pattern and were relatively more abundant on hands that had been recently washed ( Fig. 1 and Table S1 ). Although hand washing altered community composition, overall levels of bacterial diversity were unrelated to time since last hand washing (Fig. S1 ). Either the bacterial communities rapidly reestablish after hand washing, or washing (as practiced by the students included in this study) does not remove the majority of the bacterial taxa found on the skin surface.
The observed differences in skin bacterial communities between men and women may be partly related to sex differences in washing frequency because women reported having washed their hands more recently than men (Table S1 ). However, disparities in hygiene cannot explain all of the sex differences between men and women, as some of the taxa that were more abundant (or did not change appreciably in abundance) with time since last hand washing were less abundant on men than on women (Fig. 1) . Likewise, even if we separate out the samples by both sex and by hand-washing categories, we still observe significant differences between the sexes (Fig. 3D) .
To further resolve the effects of sex and hand washing on the palm bacterial communities, we conducted a smaller study of 4 men and 4 women to explicitly examine the temporal dynamics of skin bacterial communities after hand washing. This study was more controlled because we did not rely on a self-reported estimate of the time since last hand washing, but swabbed the palms of each of these 8 individuals every 2 h for a 6-h period after hand washing. Also, unlike the larger study, we used only 1 swab to sample the communities on both the left and right hands of each individual, and the volunteers were sampled during a normal work day, not immediately after taking an examination where student anxiety may have influenced their bacterial communities. However, we found very similar patterns in the 2 different studies. Specifically, we found that changes in bacterial community composition with time since last hand washing were significant and nearly identical to those described above for the larger study (Table S2 and Fig. S2 ). We also confirmed that men and women harbor distinct bacterial communities, even when controlling for hand hygiene, and that these differences between the sexes become more apparent with time since hand washing (Fig. S3) . Likewise, we confirmed that women do harbor higher levels of bacterial diversity on their hands than men (Fig. S4) .
Together these results demonstrate the utility of using new sequencing technologies to survey microbial communities at an unprecedented level of detail. There appears to be a core set of phylotypes present on the skin of the adult human palm, and the genomes of representatives of these organisms should be prioritized for sequencing to make sense of deeper metagenomic studies. However, the noncore phylotypes appear to exhibit a ''long tail'' effect-most phylotypes are rare-suggesting that exhaustive sampling is not a reasonable goal. Furthermore, the significant heterogeneity in community composition between left and right hands from the same individual suggests that careful sampling strategies will be required to obtain usable data for the International Human Microbiome Project. Determining the relative numbers of core and noncore lineages in different skin habitats, their variability, and the relationships between intrinsic physiological or consistent physical states (e.g., sex, handedness) and external environmental characteristics or behaviors (e.g., hand washing) is critical for establishing a healthy baseline from which to detect and understand microbial community differences associated with a wide variety of human diseases.
Methods
Sample Collection. Approximately 85 undergraduate students were asked to participate in this study over a 1-h period in November 2007 after the students exited a room where they had all spent the previous hour taking an examination. Of the 85 students approached 51 volunteered, and samples were collected from the palm surfaces of these students. Each subject provided information on their handedness and the time since last hand washing. All individuals were made aware of the nature of the experiment and gave verbal informed consent to participate in accordance with the sampling protocol approved by the University of Colorado Human Research Committee (protocol 1007.39). The palm surfaces of both hands were swabbed separately (102 samples total) with cotton tipped swabs moistened with solution of 0.15 M NaCl and 0.1% Tween 20 (27). Swabbing has previously been shown to be as effective as other skin sampling methods for surveying bacterial diversity (7) . The entire palm surface was swabbed in 2 perpendicular directions to ensure that the maximum surface area of each palm was represented in the sample. A fresh pair of sterile gloves was worn by the person sampling each individual palm surface to minimize sample cross-contamination. Sample blanks consisted of swabs that had been moistened and placed directly in 15-mL polypropylene tubes. The tubes were stored at Ϫ20°C for Ͻ72 h before DNA extraction.
A smaller-scale study focusing on the effects of hand washing was con- For these analyses, we randomly selected 2,400 sequences per hand sample, and thus the average number of phylotypes per hand is lower than for the full dataset (Table 1) . Bars indicate 95% confidence intervals. 
of antibacterial-free soap (Ivory; Procter & Gamble) followed by rinsing with tap water and drying with paper towels. Immediately after the hand washing and every 2 h over a 6-h period, palm surfaces were swabbed in the exact same manner as described above, except that both left and right hands from each individual were swabbed with the same cotton swab. DNA extraction, amplification, and pyrosequencing were conducted in the same manner for all of the swabs collected from this study and the larger-scale study.
DNA Extraction. DNA was extracted from the swabs by using the Mobio UltraClean Plant DNA Isolation Kit (Mobio Laboratories) with modifications. The cotton tip of each swab was broken off directly into a bead tube to which 60 L of Solution P1 had been added. Care was taken not to touch the tip of the swab to any surface except the inside of the 15-mL storage tube or the bead tube. The bead tubes were capped and heated to 65°C for 10 min and then shaken horizontally for 2 min at maximum speed with the Mobio vortex adapter. The remaining steps were performed as directed by the manufacturer. DNA samples were stored at Ϫ20°C until needed.
PCR Amplification and Sample Pooling. For each sample, we amplified the 16S rRNA gene using a primer set similar to that described in Hamady et al. (12) that was found to be well-suited for the phylogenetic analysis of pyrosequencing reads (28). The forward primer (5Ј-GCCTTGCCAGCCCGCTCAGTCAGAGTT-TGATCCTGGCTCAG-3Ј) contained the 454 Life Sciences primer B, the broadly conserved bacterial primer 27F, and a 2-base linker sequence (''TC''). The reverse primer (5Ј-GCCTCCCTCGCGCCATCAGNNNNNNNNNNNNCATG-CTGCCTCCCGTAGGAGT-3Ј) contained the 454 Life Sciences primer A, the bacterial primer 338R, a ''CA'' inserted as a linker between the barcode and the rRNA primer, and a unique 12-bp error-correcting Golay barcode used to tag each PCR product (designated by NNNNNNNNNNNN; see Table S3 ). PCRs consisted of 0.25 L (30 M) of each forward and reverse primer, 3 L of template DNA, and 22.5 L of Platinum PCR SuperMix (Invitrogen). Samples were initially denatured at 94°C for 3 min, then amplified by using 35 cycles of 94°C for 45 s, 50°C for 30 s, and 72°C for 90 s. A final extension of 10 min at 72°C was added at the end of the program to ensure complete amplification of the target region. All samples were amplified in triplicate. Negative controls (both no-template and template from unused swabs) were included in all steps of the process to check for primer or sample DNA contamination. All aliquoting and diluting of primers, as well as assembly of PCRs, were done in a PCR hood in which all surfaces and pipettors had been decontaminated with DNA Away (Molecular BioProducts) and exposed to UV light for 30 min. A composite sample for pyrosequencing was prepared by pooling approximately equal amounts of PCR amplicons from each sample. The replicate PCRs for each sample were combined and cleaned with the Mobio UltraClean-htp PCR Clean-up kit (Mobio Laboratories) as directed by the manufacturer. Each sample (3 L) was then quantified by using PicoGreen dsDNA reagent (Invitrogen) in 1ϫ Tris-EDTA (pH 8.2) in a total volume of 200 L on black, 96-well microtiter plates on a BioTek Synergy HTP microplate reader (BioTek Instruments) using the 480/520-nm excitation and emission filter pair. Once quantified, the appropriate volume of the cleaned PCR amplicons was combined in a sterile, 50-mL polypropylene tube and precipitated on ice with sterile 5 M NaCl (0.2 M final concentration) and 2 volumes of ice-cold 100% ethanol for 45 min. The precipitated DNA was centrifuged at 7,800 ϫ g for 40 min at 4°C, and the resulting pellet was washed with an equal volume of 70% ethanol and centrifuged again at 7,800 ϫ g for 20 min at 4°C. The supernatant was removed, and the pellet was air-dried for 7 min at room temperature, then resuspended in 100 L of DNA-nuclease free water. The sample was sent to the Environmental Genomics Core Facility at the University of South Carolina (Columbia) for pyrosequencing on a 454 Life Sciences Genome Sequencer FLX (Roche) machine.
Phylogenetic Analyses. Sequences were processed and analyzed following the procedure described in Hamady et al. (12) . Only those sequences Ͼ200 bp in length with an average quality score Ͼ25 and no ambiguous characters were included in the analyses (29). Sequences were assigned to samples by examining the 12-bp barcode. Phylotypes were identified by using megablast to identify connected components (nearest neighbor) sets of similar sequences (parameters: E value, 1e-8; minimum coverage, 99%; minimum pairwise identity, 97%). A representative sequence was chosen from each phylotype by selecting the most highly connected sequence, i.e., the sequence that had the most hits more significant than the BLAST threshold to other sequences in the dataset (12) . The set of all representative sequences was aligned by using NAST (30) (parameters: minimum alignment length, 190; sequence identity, 70%) with a PH lanemask (http://greengenes.lbl.gov/) to screen out hypervariable regions of the sequence. A relaxed neighbor-joining tree was built by using Clearcut (31), employing the Kimura correction. Unweighted UniFrac (32, 33) was run by using the resulting tree and the sequences annotated by environment type. Taxonomic identity of the phylotypes was assigned with BLAST against the Greengenes (34) database by using an E value cutoff of 1e-10 and the Hugenholtz taxonomy. The statistical significance of differences in microbial community composition between sample categories was determined by using the G test on relative phylotype abundances (35). Table S2 . Superscripts on the taxon name indicate the phylum or subphylum: 1, Actinobacteria; 2, Firmicutes; 3, Betaproteobacteria; 4, Gammaproteobacteria; 5, Alphaproteobacteria. Community differentiation was measured by using the unweighted UniFrac algorithm; the length of the branches corresponds to the degree of differentiation between bacterial communities in each category. All of the branch nodes shown here were found to be significant (P Ͻ 0.001), indicating that each of these 8 categories harbored distinct bacterial communities. All abundances are reported as percentages of the sequences within each category that match the taxonomic group with one standard error of the mean indicated in parentheses. For this table, we used the Hugenholtz classification scheme against the Greengenes database (10), and the sequences were classified to the level of taxonomic resolution deemed to be most appropriate. All of the abundances are reported as percentages of the sequences within each category that match the taxonomic group with one standard error of the mean indicated in parentheses. For this table, we used the Hugenholtz classification scheme against the Greengenes database (10), and the sequences were classified to the level of taxonomic resolution deemed to be most appropriate. For this study, we swabbed both left and right hands together from 4 men and 4 women immediately after hand washing (time 0) and every 2 h over a 6-h period.
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